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INTRODUCTION 

A l l  c o a l  l i q u e f a c t i o n  processes  must somewhere f a c e  t h e  problem o f  separa t -  
ing  unl iquef ied  c o a l  and t h e  minera l  matter t h a t  e n t e r e d  t h e  process  w i t h  t h e  c o a l ,  
from t h e  l i q u i d  s t ream t h a t  c o n t a i n s  t h e  product .  One of t h e  major advantages of 
the  Synthoi l  process  now be ing  developed by ERDA, a s  repor ted  by Yavorsky e t  a 1  Q), 
i s  t h a t  i t  is q u i t e  t o l e r a n t  of imperfec t ions  in t h e  s o l i d s  removal s t e p ,  a s  both 
t h e  product  and t h e  r e c y c l e  stream are acceptab le  wi th  a s  much as 1 0  p c t  undissolved 
mater ia l .  However, a number of major advantages w i l l  b e  obta ined  when t h e  p r e s e n t  
s o l i d s  removal system is improved o r  rep laced:  

(1) 
e t  a 1  e) a Kentucky c o a l  conta in ing  16.9 p c t  ash  y i e l d e d  a product  o i l  wi th  1.5 p c t ,  
which represents  e x c e l l e n t  q u a l i t y  f o r  a furnace  designed t o  accept  coal--reduct ion 
t o  below 0 . 1  p c t  w i l l  o b v i a t e  t h e  i n c l u s i o n  of  e l e c t r o s t a t i c  p r e c i p i t a t o r s  i n  t h e  
furnace,  thus reducing c a p i t a l  c o s t s  i n  product  u t i l i z a t i o n .  

Although Synthoi l  ash  values  a r e  low--in a n  experiment r e p o r t e d  by Yavorsky 

(2)  An ash  conten t  in t h e  f i n a l  product  of less than  .005 p c t  w i l l  meet speci-  
f i c a t i o n s  f o r  gas  t u r b i n e  f u e l ,  Q), t h u s  g r e a t l y  expanding t h e  a r e a  of interchange-  
a b i l i t y  between Synthoi l  and s c a r c e  petroleum products .  

(3) Reduction in t h e  amount of organic  i n s o l u b l e s  w i l l  f u r t h e r  reduce  t h e  s u l -  
f u r  content  of t h e  product ,  s i n c e  t h e  r e s i d u a l  s u l f u r  i s  concent ra ted  in t h i s  com- 
ponent. 

(4)  A l t e r n a t e  systems,  even i f  they  should n o t  improve t h e  q u a l i t y  of t h e  pro- 
duc t ,  may y i e l d  s u b s t a n t i a l  reduct ions  i n  opera t ing  and c a p i t a l  c o s t s .  

Sol ids  s e p a r a t i o n  from c o a l  l i q u e f a c t i o n  products  is a d i f f i c u l t  s t e p  because 
of t h e  smal l  p a r t i c l e  s i z e  e), v a r i o u s l y  es t imated  a t  mean diameters  from 5 t o  below 
0.5 micrometers, wide p a r t i c l e  s i z e  d i s t r i b u t i o n ,  from 25 micrometers down t o  col- 
l o i d a l  s i z e ,  low d e n s i t y  d i f f e r e n c e  between p a r t i c l e  and l i q u i d ,  physicochemical 
a f f i n i t y  between p a r t i c l e  and l i q u i d ,  and high l i q u i d  v i s c o s i t y .  We have examined 
the  problem of improving product  q u a l i t y  wi th  c e n t r i f u g a t i o n  and wi th  t h r e e  approaches 
t o  f i l t r a t i o n :  (1) a bench f i l t e r  c o n s i s t i n g  of  a s m a l l  p r e s s u r e  v e s s e l  wi th  a per-  
f o r a t e d  c losure  t o  suppor t  a 1.4-inch-diameter (0.0107 sq f t )  f i l t e r  medium of  c l o t h ,  
sc reen ,  f i l t e r  paper  or "precoat". a powder f requent ly  used i n d u s t r i a l l y  a s  an e a s i l y  
renewable f i l t e r  medium; (2) a t u b u l a r  u n i t  in which 0.7 s q  f t  of c l o t h  f i l t e r  medium 
i n  t h e  form of a bag or sock  is supported on a p e r f o r a t e d  steel  tube  so t h a t  t h e  c l o t h  
can withstand h igh  p r e s s u r e  d i f f e r e n t i a l s ;  and (3) a r o t a r y  drum p r e s s u r e  f i l t e r  with 
4.7 s q  f t  of f i l t e r  s u r f a c e ,  capable  of o p e r a t i o n  a s  e i t h e r  a c l o t h  f i l t e r  or precoat  
f i l t e r .  A l l  t h r e e  u n i t s  a r e  operable  a t  200' C and 200 ps ig .  

Although t h e r e  was some over lap ,  each u n i t  was ass igned  d i f f e r e n t  func t ions  i n  
t h e  research .  This paper  d e s c r i b e s  t h e  work wi th  t h e  bench f i l t e r .  
w a s  w e d  t o  e s t a b l i s h  b a s i c  p r i n c i p l e s  i n  Synthoi l  f i l t r a t i o n  t h a t  would be a p p l i c a b l e  

The bench f i l t e r  
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t o  t h e  engineer ing of t h e  v a r i o u s  commercial forms of f i l t e r s .  With t h e  bench f i l t e r  
w e  have shown t h a t  f i l t r a t i o n  i s  a f e a s i b l e  approach t o  ultra-low-ash Synthoi l ,  t h a t  
non-Newtonian behavior  of S y n t h o i l s  must be considered i n  ana lyz ing  Synthoi l  f i l t r a -  
t i o n ,  t h a t  the f i l t e r  medium which i s  i n i t i a l l y  i n s t a l l e d  i n  t h e  f i l t e r  c o n t r o l s  t h e  
i n i t i a l  flow rate and t h e  l e n g t h  of t i m e  r e q u i r e d  t o  b u i l d  up a cake of  t h e  Synthoi l  
r e s i d u e  (during which t i m e  t h e  q u a l i t y  of t h e  f i l t r a t e  may be poor) ,  a f t e r  which flow 
r a t e s  and product  q u a l i t y  are r e l a t i v e l y  independent of t h e  i n i t i a l  medium and depend 
most ly  on the  q u a l i t y  and i n t e g r i t y  of the  cake. 
t h a t  a sharp demarkation could be  obtained between t h e  precoa t  and f i l t e r  cake, indi-  
c a t i n g  t h a t  a cont inuous system could be  opera ted  with good f i l t r a t i o n  and economic 
u s e  of t h e  precoat  material. 

Experimental Procedures  

Tests wi th  a precoa t  medium showed 

The bas ic  p iece  of  equipment is shown i n  f i g u r e  1. It c o n s i s t s  of  a per fora ted  
p l a t e  t o  support  t h e  f i l t e r  medium screwed t o  a s teel  case  which can be p r e s s u r i z e d  
w i t h  n i t r o g e n  t o  d r i v e  t h e  f i l t r a t e  through t h e  medium. A top opening provides  f o r  
i n s e r t i o n  of a thermocouple. The assembled u n i t  can be i n s e r t e d  i n  a v e r t i c a l  2- 
inch-diameter tube furnace  f o r  o p e r a t i o n  a t  e l e v a t e d  temperature .  The experiments  
t h a t  were conducted in t h i s  equipment can b e  subdivided i n t o  f i v e  groups l i s t e d  i n  
t a b l e  1. Groups I, 111 and I V  used a s tandard ized  feed  (designated FB-36) which 

TABLE 1.- Experimental series i n  f i l t r a t i o n  

Group Table  Reed F i l t e r  M a t e r i a l  
No. 

I 2 FB-36 F i l t e r  paper  41H 
I1 3 Varied Other  s h e e t  m a t e r i a l s  
I11 4 FB-36 Precoa t  on paper  
I V  5 FB-36,38 Precoa t  on 100-mesh screen  
V - Varied Varied 

w a s  a very viscous S y n t h o i l  product ,  almost s o l i d  a t  room temperature ,  t h a t  had been 
produced a t  3,000 p s i  and 435' C from a Western Kentucky coa l  and contained 5.7 p c t  
a s h  and 1 .0  pc t  s u l f u r .  These h igh  values  of  v i s c o s i t y ,  ash and s u l f u r  r e p r e s e n t  
what we  expect  t o  be t h e  most d i f f i c u l t  f i l t r a t i o n  parameters  t h a t  would be met i n  
t h e . S y n t h o i 1  process .  Group I1 used o t h e r  f e e d s  i n  a d d i t i o n  t o  FB-36. 

The f i r s t  group of experiments  c o n s i s t e d  of f i l t e r i n g  FB-36 through a s tandard  
l a b o r a t o r y  f i l t e r  paper  (Whatman 41H)* a t  v a r i o u s  temperatures ,  p ressures  and f i l -  
t e r  cake th icknesses ,  and measuring flow rates and q u a l i t y  of product .  I n  Group I1 
t h e  Whatman 41H paper  was rep laced  by o t h e r  s h e e t  f i l t e r  m a t e r i a l s .  A major indus-  
t r i a l  f i l t r a t i o n  technique i s  t h e  use o f  r o t a r y  f i l t e r s  w i t h  "precoats"  i n  which 
t h e  f i l t e r  medium is a l a y e r  of granular  m a t e r i a l  such a s  diatomaceous e a r t h .  I n  
t h e  t h i r d  group of  exper iments ,  two such materials were used a s  a l a y e r  on top  of  
f i l t e r  paper  and i n  t h e  f o u r t h  group, t h e  p r e c o a t  materials were used on top  of an 
open s c r e e n  (100 mesh), wi thout  paper  as a second medium. In b o t h  t h e s e  groups t h e  
v a r i a b l e s  included coarseness  of t h e  precoa t  m a t e r i a l  and the  t h i c k n e s s  of  t h e  pre-  
c o a t  as w e l l  a s  those  v a r i a b l e s  measured i n  t h e  previous groups. The f i f t h  group 
comprised experiments i n  which t h e  feed m a t e r i a l s  were o t h e r  than  FB-36. These d a t a  
a r e  n o t  c o n s t i t u t e d  i n t o  a s e p a r a t e  t a b l e  b u t  are incorpora ted  i n t o  t h e  o t h e r  t a b l e s .  

* Appearance of commercial o r  t r a d e  names does n o t  imply endorsement of t h e  products  
by t h e  U.S. Government o r  ERDA. Such names a r e  used only  f o r  i d e n t i f i c a t i o n .  
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The i n i t i a l  experiments on f i l t e r  paper ,  f o r  which t h e  d a t a  i n  t a b l e  2 a r e  

TABLE 2.- E f f e c t  of p r e s s u r e  and temperature  on Synthoi l  
f i l t r a t i o n  through f i l t e r  paper 41H 

Feed: FB-36, Ash 5.7%, S u l f u r  1.0% 

Run No. 07 08 10 

Temperature, . C ....... 
Pressure ,  p s i g  ......... 
F i l t r a t e ,  grams ........ 
Cake, grams ............ 
I n i t i a l 1  f i l t r a t i o n  rate, 

l b - f t  2-hr ......... 
F i n a l l  f i l t r a t i o n  rate . 
Ash, i n i t i a l 1  f i l t r a t e ,  

p c t  .................. 
Ash, f i n a l l  f i l t r a t e ,  

p c t  .................. 
S u l f u r ,  i n i t i a l '  f i l t r a t e ,  

S u l f u r ,  f i n a l l  f i l t r a t e ,  
p c t  .................. 
p c t  .................. 

185 
200 

17.5 
4.3 

4.72 
2.30 

0.21 

.08 

.50 

.50 

178 
200 

20.0 
4.5 

4.91 
1.54 

0.27 

.06 

.50 

.45 

180 
150 

20.0 
4.7 

2.40 
1.19 

0.18 

.08 

.43  

.44 

1 " I n i t i a l "  is f i r s t  10 grams, " f i n a l "  i s  last t e n  grams 
o r  less i f  10 grams i s  n o t  a v a i l a b l e .  

t y p i c a l ,  e s t a b l i s h e d  s e v e r a l  f a c t s .  (1) For m a t e r i a l  as v iscous  a s  FB-36, temper- 
a t u r e s  g r e a t e r  than  165' C and pressures  of 150 p s i g  o r  more were necessary  t o  a t t a i n  
a f i l t r a t i o n  rate through t h e  paper t h a t  was exper imenta l ly  p r a c t i c a l  i n  t h e  sense 
of c o l l e c t i n g  ana lyzable  q u a n t i t i e s  of 10 t o  20 grams i n  less than t h r e d  hours .  
(2) The flow rate is q u i t e  s e n s i t i v e  t o  temperature ,  as shown by comparison 
between t e s t s  07 and 08 wherein a 7' C i n c r e a s e  causes  a 49 p c t  i n c r e a s e  i n  " f ina l"  
flow rate. The comparison is made between " f i n a l "  condi t ions  because, as w i l l  
be v e r i f i e d  la ter ,  " i n i t i a l "  condi t ions  a r e  s u b j e c t  t o  many more r a p i d l y  chang- 
i n g  and p a r t i a l l y  uncont ro l led  v a r i a b l e s  such as changing temperature  and changing 
r e s i s t a n c e .  (3) Flow r a t e  i s  dependent on pressure .  A 25 p c t  p r e s s u r e  decrease  
between runs 08 and 1 0  produced a 23 p c t  " f i n a l  flow" r a t e  decrease  d e s p i t e  a 2' C 
temperature  i n c r e a s e .  (4) Ash removal was a t  l e a s t  95  p c t  of t h e  i n p u t  ash,  and 
removal improved t o  98.6 p c t  a s  t h e  cake b u i l t  up. (5)  The s u l f u r  conten t  on  t h e  
o t h e r  hand was r a p i d l y  reduced t o  50 p c t  of t h e  i n p u t  s u l f u r ,  bu t  w a s  n o t  f u r t h e r  
reduced with cake bui ldup.  

The e f f e c t s  t h a t  have been descr ibed are i n d i c a t i v e  of some of t h e  d i f f e r e n c e s  
between coa l  l i q u e f a c t i o n  products  and o t h e r  m a t e r i a l s  t h a t  a r e  usua l ly  s u b j e c t  t o  
f i l t r a t i o n .  The i n a b i l i t y  t o  reduce t h e  s u l f u r  conten t  below some apparent ly  f i x e d  
l e v e l  implies  t h a t  p a r t  of t h e  s u l f u r  i n  Synthoi l  is p r e s e n t  i n  a c o l l o i d a l  o r  s o l u b l e  
component. 
changes i n  the  f l u i d .  A s e r i e s  of v i s c o s i t y  measurements were made us ing  a r o t a t i o n a l  
type  of viscometer .  For  a Newtonian, o r  normal l i q u i d ,  t h e  s h e a r  stress vs ra te-of-  
shear  r e l a t i o n  i s  a s t r a i g h t  l i n e  pass ing  through t h e  o r i g i n ,  and t h e  r a t i o  of s h e a r  

The temperature  s e n s i t i v i t y  of t h e  f low r a t e  i s  a r e f l e c t i o n  of v i s c o s i t y  
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stress t o  rate of s h e a r ,  which is t h e  v i s c o s i t y ,  is a c o n s t a n t  t h a t  changes only  
wi th  temperature. The r e l a t i o n  demonstrated i n  f i g u r e  2 ,  i n  which t h e  curves do 
n o t  pass  through t h e  o r i g i n ,  shows t h a t  t h e  FB-36 feed  material was non-Newtonian 
and t h a t  t h e  e f f e c t i v e  v i s c o s i t y  is a f u n c t i o n  of f low r a t e  and diameter  of t h e  flow 
channels  (pores i n  a f i l t r a t i o n  medium) as w e l l  as temperature .  This  l e a d s  t o  a non- 
l i n e a r i t y  of f i l t r a t i o n  r a t e  w i t h  p r e s s u r e  drop when a l l  o t h e r  parameters  are con- 
s t a n t .  The degree of n o n - l i n e a r i t y  i n c r e a s e s  w i t h  lower f low r a t e s ,  a f a c t o r  which 
must be  considered i n  a l l  d a t a  e x t r a p o l a t i o n .  Another complicat ion i n  f i l t e r i n g  
a c o a l  l i q u e f a c t i o n  m a t e r i a l  is t h a t  t w o  i n s o l u b l e  components are a c t u a l l y  be ing  
removed--the inorganic  matter, which is measured as ash,  and t h e  i n s o l u b l e  organic  
mat te r ,  or incompletely converted coal .  The two components have d i f f e r e n t  p a r t i c l e  
s i z e  d i s t r i b u t i o n s ,  d i f f e r e n t  a f f i n i t i e s  f o r  t h e  f i l t e r  medium and d i f f e r e n t  require- 
ments wi th  r e s p e c t  t o  product  q u a l i t y  s p e c i f i c a t i o n s .  
t h e  Synthoi l  product  is as a f u e l ,  t h e  incombust ib le  ( inorganic)  conten t  of t h e  f i l -  
t rate is t h e  measure o f  product  q u a l i t y ;  however t h e  t o t a l  material removed as cake 
(organic  p l u s  i n o r g a n i c )  is t h e  major f a c t o r  c o n t r o l l i n g  t h e  s e p a r a t i o n  process ,  as  

w i l l  be shown i n  t h e  n e x t  s e c t i o n .  Furthermore, t h e  s o l u b i l i t y  of t h e  organic  matter 
i n  t h e  feed may be  expected t o  increase  wi th  temperature ,  so t h a t  t h e  temperature  
may a f f e c t  n o t  on ly  v i s c o s i t y  b u t  a l s o  t h e  amount of  cake f u n c t i o n i n g  as a f i l t e r  
medium i n  t h e  f i l t r a t i o n  process ,  and consequent ly  w i l l  a f f e c t  bo th  f i l t r a t i o n  r a t e  
and f i l t r a t i o n  q u a l i t y .  

E f f e c t  of F i l t r a t i o n  Septum - Group I1 

Since t h e  p r i n c i p l e  use  of 

I n  t h e  second group of experiments ,  t h r e e  d i f f e r e n t  feed  m a t e r i a l s  were f i l -  
t e r e d ,  each through t w o  d i f f e r e n t  f i l t e r i n g  s h e e t  materials o r  sep ta .  One septum 
of each p a i r  was t h e  41H Whatman f i l t e r  paper  used throughout  t h e  Group I experi-  
ments. The o t h e r s  were of d i f f e r e n t  c o n s t r u c t i o n s  and a r e  descr ibed  in t a b l e  3, 
which a l s o  l ists  t h e  r e s u l t s  of  t h e  tests. I n  t h e  t a b l e  t h e  va lue  f o r  i n i t i a l  f i l -  
t ra te  r a t e  i s  given a s  measured and a l s o  ( in  parentheses)  c o r r e c t e d  t o  t h e  v a l u e  
t h a t  would have been expec ted  i f  t h e  f low r a t e  were p r o p o r t i o n a l  t o  p r e s s u r e  and 
if t h e  i n i t i a l  p r e s s u r e  were 200 p s i ,  which is t h e  v a l u e  f o r  t h e  f i n a l  per iod  of a l l  
runs  b u t  38. This  c a l c u l a t i o n  is necessary t o  make t h e  va lues  of i n i t i a l  and f i n a l  
f i l t r a t i o n  r a t e s  more comparable. 
set much lower than  t h e  f i n a l  va lues  t o  keep t h e  i n i t i a l  f low r a t e s  from be ing  t o o  
h igh  t o  measure convenient ly .  

Experimental ly  t h e  i n i t i a l  p r e s s u r e s  had t o  be  

I n  t a b l e  3 t h e  m o s t  n o t a b l e  observa t ion  is t h a t  f o r  t h e  run  p a i r s  08/09 and 
40/41 t h e  i n i t i a l  f low rates and f i l t r a t e  c l a r i t y  ( p c t  ash)  a r e  h i g h l y  d i s p a r a t e ,  
whereas t h e  f i n a l  c o n d i t i o n s  are q u i t e  s i m i l a r .  For example, tests 08 and 09, 
which were w i t h  t h e  same feed m a t e r i a l ,  had i n i t i a l  c o r r e c t e d  f low rates t h a t  d i f -  
f e r e d  by a f a c t o r  of 1 6 8  whereas t h e  f i n a l  r a t e s  d i f f e r e d  by less than  2. I n i t i a l  
a s h  c o n t e n t s  of t h e  f i l t r a t e s  d i f f e r e d  by a f a c t o r  of 19, and f i n a l  v a l u e s  by 2. 
It may be  hypothesized from t h i s  t h a t  i n i t i a l  f low rates and c l a r i t y  were cont ro l led  
by t h e  p r o p e r t i e s  of t h e  septum t h a t  was used, b u t  t h a t  t h e  f i n a l  f i l t e r i n g  medium 
w a s  t h e  same r e g a r d l e s s  of t h e  septum and was e s s e n t i a l l y  t h e  f i l t e r  cake i t s e l f .  
The i n f l u e n c e  of t h e  septum, t h e r e f o r e ,  was ( a )  t o  c o n t r o l  t h e  c l a r i t y  of  t h e  i n i t i a l  
f i l t r a t e  (which could b e  recyc led  later, i f  t h i s  c l a r i t y  was below s p e c i f i c a t i o n ) ,  
(b) t o  c o n t r o l  t h e  t i m e  requi red  t o  b u i l d  up a f i l t e r  cake of  s u f f i c i e n t  t h i c k n e s s  
t o  become an e f f e c t i v e  f i l t e r i n g  medium. I n  s h o r t  ba tches ,  f i l t e r e d  wi thout  recy- 
c l i n g ,  t h e  septum w i l l  a l s o  a f f e c t  t h e  amount of cake t h a t  is removed and formed 
i n t o  t h e  f i l t e r i n g  medium, and a f f e c t  t h e r e f o r e ,  bo th  t h e  average and f i n a l  product  
c l a r i t y .  
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I n  t a b l e  3 t h e  observa t ions  f o r  p a i r s  38/39 a r e  n o t  as marked a s  t h o s e  f o r  t h e  
o t h e r  two p a i r s ,  b u t  t h i s  c o n s t i t u t e s  suppor t  f o r  t h e  f i l t e r i n g  sequence suggested 
above. Measurements of s e v e r a l  f i l t e r  cakes showed t h a t  1 0  grams of cake cor res -  
ponded t o  a th ickness  of about  0.6 mm. Therefore ,  because of t h e   lo^ s o l i d s  conten t  
i n  t h e  feed, the  t o t a l  weight of cake depos i ted  dur ing  runs  38 and 39 would be only 
a few micrometers t h i c k ,  which based on l a t e r  estimates of p a r t i c l e  s i z e ,  would cor res -  
pond t o  only a few p a r t i c l e  diameters  and t h e r e f o r e  provide  a r a t h e r  i n e f f e c t i v e  f i l -  
t e r i n g  medium even a t  t h e  end of t h e  run. 

Use of "Precoat" as a F i l t e r  Medium - Groups I11 and I V  

I n d u s t r i a l  f i l t r a t i o n  is performed wi th  many d i f f e r e n t  devices ,  b u t  considera-  
t i o n s  of p a r t i c l e  s i z e ,  concent ra t ions  and expected scale of  o p e r a t i o n s  i n  a c o a l  
l i q u e f a c t i o n  indus t ry  sugges t  use of a r o t a r y  drum f i l t e r ,  opera ted  i n  a "precoat"  
mode. I n  t h i s  mode, a l a y e r  of a granular  material, f r e q u e n t l y  a diatomaceous 
e a r t h  o r  a d e r i v a t i v e  t h e r e o f ,  is depos i ted  on a p e r f o r a t e d  r o t a t i n g  c y l i n d e r  which 
is P a r t i a l l y  immersed i n  t h e  m a t e r i a l  t o  be f i l t e r e d .  A p r e s s u r e  d i f f e r e n t i a l  
between the  o u t s i d e  and i n s i d e  of t h e  drum d r i v e s  t h e  l i q u i d  through t h e  c y l i n d e r  
w a l l  and t h e  s o l i d s  a r e  depos i ted  on o r  w i t h i n  t h e  l a y e r  of precoa t .  A s  t h e  drum 
r o t a t e s ,  the  d e p o s i t  is brought  i n t o  c o n t a c t  w i t h  a k n i f e  blade.  The b l a d e  advances 
a t  a r a t e  which is set t o  remove t h e  cake a long  wi th  as much of t h e  p r e c o a t  m a t e r i a l  
as may be obs t ruc ted  by p e n e t r a t i o n  of t h e  cake. 

The next phase of t h e  f i l t r a t i o n  program w a s  an e x p l o r a t i o n  of t h e  parameters  
of "precoat" f i l t r a t i o n  v i s - h i s  rates and product  c l a r i t y  of o t h e r  s e p t a  t h a t  have 
been i l l u s t r a t e d  i n  t a b l e s  2 and 3. I n  t h e  Group I11 experiments ,  a s  shown i n  t a b l e  
4, two d i f f e r e n t  grades  of  a commercial ca lc ined  diatomaceous e a r t h  were depos i ted  
from a n  o i l  suspension on grade 41H f i l t e r  paper .  Comparison of t h e  r e s u l t s  f o r  runs  
07 and 08 i n  t a b l e  2 with  those  f o r  runs 15 and 11 i n  t a b l e  4, which p e r t a i n e d  t o  t h e  
same pressure ,  temperature  and amount of cake, shows t h a t  t h e  s u p e r p o s i t i o n  of pre- 
coa t  on f i l t e r  paper caused t h e  i n i t i a l  flow t o  be increased  cons iderably  and t h e  
i n i t i a l  ash t o  be decreased;  t h e  f i n a l  f low rate w a s  decreased wi th  approximately 
equal  a s h  removal from t h e  f i l t r a t e .  
without  bu i ld ing  up a s u b s t a n t i a l  cake, so t h a t  t h e  f i l t r a t e  is c l e a n e r  than  t h e  
i n i t i a l  f i l t r a t e  without  t h e  precoa t ,  a l though t h e  f low rate i s  h igher .  Ul t imate ly  
a cake b u i l d s  up, p r e s s u r e  drop i n c r e a s e s  and product  c l a r i t y  improves, bu t  only t o  
a l e v e l  equiva len t  t o  t h a t  of  t h e  same cake formed without  precoa t .  This  observa t ion  
provides  f u r t h e r  suppor t  f o r  t h e  hypothes is  advanced i n  t h e  previous s e c t i o n  t h a t  t h e  
e f f e c t i v e  f i l t e r  medium is n o t  t h e  o r i g i n a l  septum b u t  t h e  l a y e r  of cake  t h a t  i s  f i l -  
t e red  from t h e  feed .  

The precoa t  r e t a i n s  some of  t h e  i n i t i a l  s o l i d s  

Table 4 a l s o  permi ts  comparisons between ( a )  grades of  precoa t ,  (b)  d i f f e r e n t  
amounts of t h e  same grade,  (c)  d i f f e r e n t  amounts of f e e d  and t h e r e f o r e  of cake, and 
(d)  d i f f e r e n t  temperatures .  The t a b l e  shows no s i g n i f i c a n t  c o r r e l a t i o n  between any 
of these  v a r i a b l e s  and t h e  q u a l i t y  of t h e  product ,  which i s  aga in  conf i rmat ion  of 
t h e  hypothesis  t h a t  t h e  ash  removal is p r i m a r i l y  a f u n c t i o n  of t h e  depos i ted  cake, 
r a t h e r  than of t h e  s u b s t r a t e .  

The f a c t  t h a t  t h e  amount of cake has  no obvious e f f e c t  on q u a l i t y  (compare, 
f o r  example, p a i r s  11/12 and 15/27) impl ies  t h a t  once t h e  cake is formed, t h e  s o l i d s  
s e p a r a t i o n  is performed a t  t h e  s u r f a c e  of t h e  cake r a t h e r  than  w i t h i n  i t s  depth. 
A c o n s i s t e n t  observa t ion  i s  t h a t  f o r  each p a i r  of runs  t h a t  is i d e n t i c a l  except  
f o r  amount of charge (11/12, 13/14, e t c . ) ,  t h e  f i n a l  f i l t r a t i o n  rate i s  less f o r  
t h e  g r e a t e r  charge. That is, t h e  approximately doubled th ickness  of cake causes  
t h e  f low rate t o  b e ' c u t  approximately i n  h a l f .  This  observa t ion ,  i n  conjunct ion  
wi th  t h e  observa t ion  t h a t  the, extra cake does n o t  c o n t r i b u t e  t o  improved product  
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c l a r i t y ,  l eads  t o  t h e  conclus ion  t h a t  a cont inuous system should be  opera ted  wi th  
t h e  minimum cake t h i c k n e s s  requi red  t o  g i v e  good c l a r i t y .  S ince ,  however, a f i n i t e  
cake l a y e r  is r e q u i r e d  f o r  acceptab le  c l a r i t y ,  t h e  cake-on-precoat l a y e r  should 
n o t  b e  cu t  so deep a s  t o  remove t h e  e n t i r e  cake l a y e r ,  t h u s  p r e s e r v i n g  a l l  t h e  
p r e c o a t .  

" I n i t i a l "  f low r a t e s  are less meaningful because they  are n o t  i n s t a n t a n e o u s  
v a l u e s  but  a r e  v a l u e s  i n t e g r a t e d  over  one-half t o  one-third t h e  t o t a l  f i l t r a -  
t i o n  time dur ing  t h a t  i n t e r v a l  when p r e s s u r e s ,  temperatures  (and t h e r e f o r e  v iscos-  
i t i e s ) ,  and cake format ion  a r e  a l l  changing. I n  a l l  c a s e s  t h e  " i n i t i a l "  f low r a t e  
f o r  the l a r g e r  amount of feed  w a s  g r e a t e r  than f o r  t h e  smaller amount; t h i s  is prob- 
a b l y  n o t  of fundamental s i g n i f i c a n c e  but  i s  a r e f l e c t i o n  of t h e  longer  i n t e r v a l  t o  
reach  equi l ibr ium and perhaps  i n d i c a t e s  t h a t  t h e  l a r g e r  volumes may i n i t i a l l y  d i s -  
t u r b  t h e  upper l a y e r  of the precoa t  m a t e r i a l .  

The e f f e c t  of t h e  l a r g e r  amount of precoa t  (compare r u n s  16 w i t h  13  o r  17 wi th  
14)  is  t o  cause a l a r g e r  " i n i t i a l "  f low ra te ,  which suppor ts  t h e  hypothes is  o f f e r e d  
i n  an e a r l i e r  paragraph that  t h e  p o r o s i t y  of t h e  precoa t  de lays  t h e  formation of a 
f i l t e r i n g  cake. However, Hyflo ( t h e  less porous precoa t  as r a t e d  by the  manufac- 
t u r e r )  used i n  run  27 i n c r e a s e d  t h e  f low r a t e  over  t h a t  measured i n  run 1 4 ,  i n  
which C e l i t e  545, nominal ly  a more porous p r e c o a t ,  w a s  used. The d i f f e r e n c e  i n  
t h i s  case  may b e  due t o  the f a c t  t h a t  Hyflo and Celite 3 4 5  a r e  somewhat d i f f e r e n t  
chemical ly ,  s o  t h a t  t h e  f low r e s i s t a n c e  t o  water, a s  used i n  t h e  manufac turer ' s  
c r i t e r i o n ,  may n o t  fo l low t h e  same p a t t e r n s  a s  r e s i s t a n c e  t o  S y n t h o i l ,  i f  hydra- 
t i o n ,  s t reaming p o t e n t i a l s  o r  o t h e r  physicochemical f o r c e s  are o p e r a t i v e .  

The l a s t  series of f i l t r a t i o n s  w a s  made w i t h  t h e  p r e c o a t  material supported 
only  on a 100-mesh s t a i n l e s s  steel screen ,  i . e . ,  unbacked by f i l t e r  paper .  I n i t i a l  
tests gave errat ic  r e s u l t s  t h a t  could be explained by t h e  s e n s i t i v i t y  of t h e  pre-  
c o a t  l a y e r  t o  s m a l l  d i s t u r b a n c e s  i n  flows and pressures .  Even t h e  minor f l u c t u a -  
t i o n s  in pressure  caused b y  normal opera t ion  of a p r e s s u r e  r e g u l a t o r  caused occa- 
s i o n a l  rapid f low which d i s t u r b e d  t h e  precoa t  l a y e r  and caused t h e  feed  t o  bypass 
t h e  precoa t ,  a s  d i s c l o s e d  by disassembling t h e  f i l t e r  u n i t  and observing l a y e r s  of 
Synthoi l  between t h e  p r e c o a t  and t h e  w a l l  of  t h e  f i l t e r  tube.  Successfu l  f i l t r a -  
t i o n s  were obta ined  by i n s t a l l i n g  a needle  va lve  between t h e  p r e s s u r e  r e g u l a t o r  
and the f i l t e r  t o  damp o u t  sudden f l u c t u a t i o n s  and by main ta in ing  c l o s e  c o n t r o l  on 
temperature  changes. The d a t a  in t a b l e  5 were taken f o r  f i v e  runs p e r m i t t i n g  com- 
p a r i s o n  between two p r e c o a t  m a t e r i a l s  and two d i f f e r e n t  feed  materials. 

Because, f o r  t h e  unsupported precoat  runs  i t  was deemed necessary  t o  i n c r e a s e  
temperatures  and p r e s s u r e s  very g r a d u a l l y ,  t h e  condi t ions  f o r  t h e  " i n i t i a l "  i n t e r -  
v a l  v a r i e d  widely from r u n  t o  run  and these  va lues  are less comparable than  a r e  t h e  
" f i n a l "  data .  
found between t h e  cake and precoa t  which impl ies  t h a t  l i t t l e  p e n e t r a t i o n  takes  place 
i n t o  t h e  precoa t  and t h a t  on a cont inuous f i l t e r ,  t h e  cake could be  removed without  
e x c e s s i v e  l o s s  of p r e c o a t .  

I n  a l l  c a s e s  of good f i l t r a t i o n ,  a l i n e  of sharp  demarkation was 

The d a t a  in t a b l e  5 confirm t h e  prev ious ly  s t a t e d  hypothes is  t h a t  once a s t a b l e  
f i l t e r  cake l a y e r  is formed, Synthoi l  f i l t r a t i o n  i s  independent of t h e  s u b s t r a t e  
on which t h e  l a y e r  is depos i ted .  A l l  t h e  " f i n a l  ash" ana lyses  r e p r e s e n t  removal 
of 98.8 t o  99 .3  p c t  of  t h e  a s h  i n  t h e  feed .  
a b s o l u t e  value of t h e  a s h  a n a l y s i s  (.OB p c t  t o  .035 p c t )  r e f l e c t s  a s e n s i t i v i t y  of 
t h e  Process  t o  bypassing:  i f  t h e  f i l t e r  a c t u a l l y  reduces t h e  ash  conten t  from 5.7 
p c t  t o  .035 p c t ,  and only 1 . 0  p c t  of t h e  feed  bypasses  t h e  f i l t e r  a c t i o n ,  t h e  pro- 
d u c t  w i l l  conta in  (.00035 x 99) + (.057 x 1) = .092 p c t  a s h ,  an i n c r e a s e  of 2.5 times 
t h e  t r u e  f i l t r a t e  a n a l y s i s .  

The apparent ly  wide v a r i a t i o n  in t h e  
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The q u a l i t a t i v e  e f f e c t  of temperature  i s  apparent  i n  t a b l e  5 .  Runs 3 2 ,  3 3 ,  
and 3 4  d i f f e r  only i n  tempera ture ,  and t h e  observed f i l t r a t i o n  r a t e s  f o r  t h e  t h r e e  
experiments i n c r e a s e  a s  the v i s c o s i t i e s  decrease .  Addi t iona l  d a t a  is a v a i l a b l e  
f o r  an a n a l y s i s  of t h e  p r e s s u r e  drop flow r e l a t i o n ,  b u t  s i n c e  no d i r e c t  measure- 
ments of t h e  cake d e p o s i t e d  are a v a i l a b l e  except  a t  t h e  end of t h e  r u n ,  and s i n c e  
flow rates were n o t  measured b u t  only t o t a l  weights  a t  v a r i o u s  t imes ,  a number of 
assumptions must be made and only  a s i m p l i f i e d  c o r r e l a t i o n  can be  at tempted.  
may assume t h a t :  

We 

(a)  t h e  f low rate,  dW/dQ is  p r o p o r t i o n a l  t o  t h e  d r i v i n g  f o r c e  AP, i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  f l u i d  p r o p e r t i e s  incorpora ted  i n  t h e  measured v i s c o s i t y ,  
11, and i n v e r s e l y  p r o p o r t i o n a l  t o  a cake proper ty  w e  d e f i n e  as a r e s i s t a n c e  
R. This  assumption may be r e s t a t e d  as 

dW/dQ = klAP/(uR) 1) 

which may be  used a s  a def in ing  equat ion  f o r  R by s e t t i n g  k, = 1, from 
which 

R = AP/ (11 dW/d0). 2) 

A s  i t  i s  reasonable  t o  assume t h a t :  

(b) t h e  r e s i s t a n c e  t o  f low w i l l  be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  cross-sec-  
t i o n a l  area t r a n s v e r s e  t o  t h e  d i r e c t i o n  of flow, Equation 2 can be some- 
what g e n e r a l i z e d  by s t a t i n g  the  f low r a t e  as flow p e r  s q u a r e  f o o t  o r :  

R =AP/[p (dW/dQ/A)] 3)  

The test procedures  t h a t  w e r e  fol lowed provide  no mechanism f o r  determining t h e  
amount of cake p r e s e n t  a t  any i n s t a n t  during t h e  f i l t r a t i o n ;  w e  t h e r e f o r e  make a 
t h i r d  assumption: 

(c )  t h e  amount of cake i s  p r o p o r t i o n a l  t o  t h e  amount of s l u r r y  t h a t  has  been 
f i l t e r e d .  

F igure  3 i s  a graph of  t h e  r e s i s t a n c e  t o  f low through t h e  f i l t e r  cake and pre-  
c o a t  of  runs 32, 33 and 3 4 ,  p l o t t e d  as a f u n c t i o n  of the  t o t a l  weight  of s l u r r y  f i l -  
t e r e d .  Although t h e  legend i n  t h e  f i g u r e  i n d i c a t e s  an average temperature  f o r  each 
r u n ,  t h e  r e s i s t a n c e  v a l u e s  were c a l c u l a t e d  f o r  t h e  measured temperature  a t  t h e  spe- 
c i f i c  time. F igure  4 is  a similar p l o t  f o r  earlier r u n s  i n  which f i l t e r  paper and 
n o t  precoa t  was used.  It i s  apparent  t h a t  t h e  r e s i s t a n c e ,  as def ined  i n  terms of  
p r e s s u r e  drop and f low and a s  cor rec ted  f o r  temperature  e f f e c t s  by d i v i s i o n  by t h e  
v i s c o s i t y ,  c o r r e l a t e s  w e l l  wi th  t h e  t o t a l  weight of f i l t r a t e .  I f  t h e  a b s c i s s a  were 
weight of cake,  and a l l  o t h e r  cake  p r o p e r t i e s  were i n v a r i a n t ,  t h e  curves  of f i g u r e s  
3 and 4 would 
t h e  i n i t i a l  septum, i . e .  t h e  precoa t  o r  f i l t e r  paper .  The observed c u r v a t u r e  could 
be  due t o  any one o r  more of a number of f a c t o r s  which have been d iscussed  e a r l i e r .  

be s t r a i g h t  l i n e s ,  with t h e  v - i n t e r c e p t  e q u a l  t o  t h e  r e s i s t a n c e  of 

(a) The weight of cake  i s  @ p r o p o r t i o n a l  t o  t h e  weight of f i l t r a t e .  
i s ,  i n  f a c t ,  known t o  b e  t h e  case, a s  t h e  a n a l y t i c a l  r e s u l t s  showed t h a t  
more s o l i d s  w e r e  removed from t h e  last  p a r t  of the  f i l t r a t e  than from the 
" i n i t i a l "  f i l t r a t e .  However, changes i n  t h e  weight of ash  removed from 
t h e  " f i n a l "  f i l t r a t e  a r e  smal l  s o  t h a t  t h e  l a s t  h a l f  of t h e  d a t a  should 
approximate a s t r a i g h t  l i n e .  

This  

52 



I 

I 

I 

1 
I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

(b) S i z e  d i s t r i b u t i o n  of t h e  p a r t i c l e s  removed may change, s o  t h a t  more f i n e s  
a r e  removed t h a t  tend t o  plug o r  "bl ind" t h e  passages i n  t h e  l a t t e r  p a r t  
of t h e  cake than  i n  t h e  former. 

The cake may be  compressible ,  s o  t h a t  i t s  permeabi l i ty  i s  decreased  a s  
the  p r e s s u r e  drop a c r o s s  i t  i n c r e a s e s .  

The non-Newtonian v iscous  behavior  of t h e  f l u i d ,  as demonstrated i n  f i g u r e  
2 ,  may be of s u f f i c i e n t  magnitude t h a t  t h e  changed shear  rate i n  t h e  l a t -  
t e r  p a r t  of  t h e  f i l t r a t i o n  may c r e a t e  a much g r e a t e r  e f f e c t i v e  v i s c o s i t y  
than i s  used i n  t h e  r e s i s t a n c e  ca lcu la t ion , .  

(c )  

(d) 

Each of the above p o s s i b i l i t i e s  p r e s e n t s  a major cha l lenge ,  t h e  e v a l u a t i o n  of which 
may lead  t o  g r e a t l y  improved f i l t r a t i o n .  However, even without  r e s o l v i n g  t h e  reasons 
f o r  t h e  curva ture  of f i g u r e s  3 and 4 ,  important  deduct ions can be  made. 

( a )  Res is tance  i n c r e a s e s  more than  p r o p o r t i o n a l l y  wi th  the  amount of cake. 
a cont inuous system where t h e  cake th ickness  can be  c o n t r o l l e d ,  t h e  thick-  
ness  should be  he ld  at t h e  minimum value  t h a t  w i l l  y i e l d  a c c e p t a b l e  f i l -  
t r a t e  c l a r i t y .  

Res is tance  per  u n i t  of cake i n c r e a s e s  much more r a p i d l y  when t h e  i n i t i a l  
septum i s  f i l t e r  paper  r a t h e r  than precoa t .  

For 

(b) 

Varied Feeds - Group V 

Although most of t h e  tests d iscussed  were made wi th  t h e  feed m a t e r i a l  desig-  
nated as FB-36, s e v e r a l  o t h e r  m a t e r i a l s  were used.  
were e n t i r e l y  c o n s i s t e n t  wi th  t h e  r e s u l t s  f o r  FB-36 and they have been included i n  
t a b l e s  3 and 5 (runs 37 ,  38,  39 ,  4 0 ,  41) wherein t h e  only  s i g n i f i c a n t  e f f e c t  due 
t o  t h e  feed i s  t h a t  f e e d s  wi th  lower a s h  conten t  y ie lded  products  w i t h  l e s s  ash ,  
a l though,  f o r  reasons  d iscussed  e a r l i e r  i n  connect ion wi th  t a b l e  3 ,  t h e  changes were 
not  propor t iona te .  

The r e s u l t s  f o r  t h e s e  m a t e r i a l s  

ADDITIONAL WORK 

In p a r a l l e l  e f f o r t s ,  f i l t r a t i o n  s t u d i e s  have been c a r r i e d  on w i t h  l a r g e r  s c a l e  
equipment. 
a t  a later d a t e ,  w e  have u t i l i z e d  t h e  p r i n c i p l e s  advanced h e r e  of  main ta in ing  a t h i n ,  
uniform cake of  s o l i d s  on t o p  of a precoa t  l a y e r .  A r e c e n t  run of 444 unin ter rupted  
hours on s t ream, included a s teady  s ta te  per iod of ZOO hours ,  dur ing  which an ash  re- 
moval of a t  least 99 .1  p c t  was maintained,  wi th  an average f i l t r a t e  conten t  of  .09 
p c t  ash.  

In t e s t s  wi th  a r o t a r y  drum f i l t e r ,  d e t a i l s  of which w i l l  be  publ ished 

CONCLUSIONS 

Batch f i l t r a t i o n  i s  a t e c h n i c a l l y  f e a s i b l e  method of removing a s h  from a Synthoil 
product  s o  t h a t  t h e  only remaining problem is  t h e  mechanics of  scaled-up cont inuous 
f i l t e r s .  S t a r t i n g  wi th  a m a t e r i a l  conta in ing  5.7 p c t  ash ,  ana lyses  of l e s s  than 
0.1 p c t  have been almost r o u t i n e l y  a t t a i n e d  us ing  a commercial p recoa t  m a t e r i a l  w i t h  
no f i l t e r  paper suppor t .  
mate product c l a r i t y ,  as t h e  t r u e  f i l t e r  medium is  t h e  cake t h a t  is formed from t h e  
feed.  The nominal f i l t e r  medium a f f e c t s  the  p r e s s u r e  drop,  t h e  time r e q u i r e d  t o  
bui ld  up a func t ioning  cake,  and t h e  number of precaut ions  t h a t  a r e  r e q u i r e d  t o  f o r e -  
s t a l l  poss ib le  system dis turbances  such as p r e s s u r e  v a r i a t i o n s  dur ing  cake bui ldup.  
F i l t r a t i o n  r a t e s  a r e  very  s e n s i t i v e  t o  temperature ,  b u t  when cake r e s i s t a n c e s  a r e  
divided by t h e  measured v i s c o s i t y ,  t h e  temperature  e f f e c t  i s  proper ly  accounted f o r .  

The nominal f i l t e r  medium has  l i t t l e  i n f l u e n c e  on t h e  u l t i -  
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I n  t h e  batch f i l t e r  tests repor ted  h e r e ,  two observa t ions  suggest  t h a t  a continuous 
f i l t e r  w i l l  be  e f f e c t i v e :  

(1) a c l e a r  demarkation usually e x i s t s  between cake and precoa t  so t h a t  separa-  
t i o n  i n  a cont inuous  u n i t  should b e  s imple wi th  minimum c o s t  i n  p r e c o a t ;  

adequate  c l a r i t y  is  a t t a i n e d  wi th  a r e l a t i v e l y  t h i n  cake l a y e r  whereas addi-  
t i o n a l  cake adds t o  t h e  pressure  requirement  without  major improvement i n  
c l a r i t y .  

F i l t r a t i o n  of S y n t h o i l  causes  a c e r t a i n  amount of reduct ion  i n  s u l f u r ,  b u t  be- 
yond t h i s  p o i n t ,  improved f i l t r a t i o n ,  as measured by ash  r e d u c t i o n ,  does n o t  improve 
s u l f u r  reduct ion .  Q u a n t i t a t i v e  a n a l y s i s  and p o s s i b l e  improvement of t h e  f i l t r a t i o n  
process  r e q u i r e s  f u r t h e r  s tudy  i n t o  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  cake compress ib i l i ty ,  
and t h e  e f f e c t  o f  t h e  observed non-Newtonian f low c h a r a c t e r i s t i c s  of t h e  f l u i d  being 
t r e a t e d .  

(2)  

NOMENCLATURE 

W = weight of  f i l t r a t e  
13 = elapsed t i m e  
AP = pressure  d i f f e r e n c e  a c r o s s  f i l t e r  
p = v i s c o s i t y  
R = r e s i s t a n c e  t o  f i l t r a t e  flow 
k ,  = cons tan t  
A = a r e a  of f i l t e r  normal t o  f low 
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Figure 2 - Viscous behavior of FB -36. 
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Figure 4 - Filtration resistance through f i l ter  cake 
and filter paper .  
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